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The effect of replacing the nitrogen of the air by other diluents, such as C02, A and He, on the limits of propagation of flame in hydrogen and methane mixtures has been determined. The results indicate that the flame is only propagated if a certain minimum temperature can be maintained in the flame boundary, which is approximately constant for a given com bustible. The specific heat of the mixture and heat of combustion of the combustible con stituents determine whether the flame is propagated; differences of thermal conductivity are only great enough in hydrogen mixtures or in mixtures containing helium to have a pro nounced influence. It is possible to estimate the upper limits in oxygen from the value of the lower limit in air for mixtures which are completely burnt, but with the hydrocarbons which are not com pletely burnt to C02 such estimate cannot easily be made. The lower limits for n-pentane, i^o-pentane, n-hexane, n-heptane, n-octane and 2, 2, 4-tri-methyl pentane have been care fully redetermined. The heat of combustion multiplied by the percentage of hydrocarbons in the lower limit mixture is not quite constant, but more heat is required to maintain the combustion of the higher hydrocarbons.
Other evidence is mentioned in support of the view that flame limits are determined by a certain minimum temperature representing a certain minimum reaction rate at the flame boundary, the flame being maintained, not by the pre-heating and consequent reaction of the mixture, but chiefly by radicals provided by the flame.
I. I n t r o d u c t io n
I t is obviously an important problem in combustion chemistry to ascertain the particular properties of a gaseous mixture which determine whether or not it will propagate flame. Le Chatelier & Boudouard (1898) found th at the heat of com bustion per unit volume of limit mixtures with air for a number of different gases was approximately a constant, an observation which Burgess & Wheeler (1911) , White and others have confirmed, but there are many exceptions and the value for upper and lower limits are dissimilar. There seems to have been little further success in elucidating the problem and in predicting whether a given mixture will pro pagate flame. In order to develop the conclusions of the previous paper, the influence of the physical properties of the gases comprising the limit mixtures has been further investigated.
In using the determinations of limit mixtures which are to be found in the literature, it is necessary to eliminate those which are not made under comparable conditions, so the guidance they give as to the factors which govern whether flame is propagated or not is rather restricted.
In spite of a considerable number of investigations on the effect of different inert gases on the limit mixtures, it was found necessary to carry out a few additional measurements. Coward & Hartwell (1926) have made a fairly extensive study of the extinction of methane-air flames by carbon dioxide, nitrogen, helium and argon. Measurements have been carried out by others in tubes of rather smaller diameter, wherein the cooling and deactivation a t the walls became im portant factors. Con sequently the agreement in the literature between the limits obtained with a given amount of diluent is unsatisfactory and even the relative order of extinguishing power of the various diluents does not agree. Coward & Hartwell ( cit.) , in experi ments with methane in 5 cm. tubes, found the order of extinguishing power for nitrogen, carbon dioxide, helium and argon to be C0 2 > N2 > He > A, whereas Post humus (1930) found the order He > C0 2 > N2 > A. Posthumus, however, used 1-6 cm. tubes, and the system studied was H 2-N20 . Booy (1932) found a similar order with methane-air mixtures in 1*7 cm. tubes. Heiningen (1936) , however, with H 2-, CH4-, C4H 10-air systems in 2/2 cm. tubes, arrived a t the order C0 2 > He > N2 > A. All the above workers agree upon the order C0 2>N2> A: it is the position of He th at varies. Therefore, the effects of C0 2, He and A upon the limits of inflammability of methane and hydrogen were redetermined. Measurements of the lower limits (l.l.'s) of hydrocarbons have also been made.
E x p e r i m e n t a l
I t is useless to compare one propagation limit with another unless the deter minations are carried out under similar conditions and unless the diameter of the tube is sufficient to eliminate any differences due to effects a t the walls. The influence of convexion and flame shape on the results obtained experimentally cannot be eliminated entirely, but for any given combustible the results will be sufficiently comparable under the chosen conditions (except for helium as diluent see p. 201) (cf. Coward & Hartwell 1932) .
(a) Limit mixtures with various diluents
The same apparatus and procedure as described in part I were employed. The diluent gases were introduced into the tube with their ratio by volume to oxygen equal to the nitrogen plus argon ratio to oxygen in air. Upward propagation was used as before (except for some experiments with hydrogen mixtures where down ward propagation was employed).
The lower limit flames for upward propagation in hydrogen mixtures with argon and helium as diluents were barely visible. They were detected at the top of the tube by a thermocouple of thin copper-constantan connected to a galvanometer. With experience it was possible to correlate the size of flame (as distinct from in dividual pockets of flame) with the kick of the galvanometer, and to determine the true limit mixture.
The limits found are given in table 1. In the experiments with methane the gases in the flame tube were analyzed after the passage of the flame, using a Bone and Newitt gas analysis apparatus (see table 2). For discussion of these results and influence of tube diameter see p. 198. The relative order of extinguishing power of the diluents in upward propagating methane mixtures and downward propagating hydrogen is C0 2 > N 2 > He > A.
For downward propagation, the flames were not hemispherical but flat and rather ragged, tending to set up vibratory effects. Upper limit flames were thin and faster in argon and helium mixtures. The flames with carbon dioxide were similar to those with nitrogen. W ith methane, those in argon and helium were thinner and rather faster than they were in nitrogen and carbon dioxide.
(6) Hydrocarbon-air mixtures
The values recorded in the literature for the limits of propagation of flame in mixtures of the higher hydrocarbons with air are not in good agreement. The proportion of combustible in the 1.1. mixture is quite small and the vapour pressure low, rendering measurements open to considerable error. While it has been shown (part I, p. 184) th a t a graph of the heats of combustion against the reciprocals of the 1.1.'s for the lower members of the paraffin series up to butane gives a smooth curve, the values for the higher members as taken from the literature show no such agreement. Careful determinations of the limits for upward propagation at room temperature and atmospheric pressure have therefore been made on a few pure hydrocarbons up to octane (see table 3 ). The complete curve obtained with these results is shown in figure 1 . The vapour pressures of the normal paraffins above octane were insufficient to provide a 1.1. mixture a t room temperature. Pearson's (1931) adaption of the Rayleigh manometer was used to measure accurately the small pressures involved. 3. Discussion (a) General considerations of flame propagation in limit mixtures When flame travels through a stationary inflammable gas mixture, or when a similar unburnt mixture flows through a stationary zone of flame, the heat in the flame products is the net heat evolved in the resultant chemical reactions of decom position and combustion at constant (or nearly constant) pressure of the cold gas, less the heat radiated and conducted away at the walls of the containing vessel or converted to mass movement of the gas, plus heat from any condensation of water on the walls. The flame consists of (1) a region in which the gas mixture, initially cold, is being heated by conduction, (2) a region in which combustion is occurring, and (3) a region in which the products are cooling. The first is assumed to be the region prior to ignition, the combustion being completed at the commencement of stage (3); but some 'slow' combustion without inflammation may occur in stage (1) and some combustion may continue in the cooling stage (3). A criterion for flame propagation is obviously th a t Tm > T', where T' is a temperature reached a t the commencement of or early in stage (2), such th a t inflammation must occur once the temperature T' is attained. Tm is the maximum temperature of the flame. I t used to be held th a t the gases are heated by conduction of heat from layer to layer, and a t a certain temperature T' the combustion reactions in the heated gas become so fast and self-accelerating th a t inflammation occurs. This view of flame propagation assumed th a t the unburnt gas mixture itself generated reaction centres and th a t ignition occurred when the chain reactions self-accelerated, as in the ordinary passage from slow combustion to ignition. On this basis a theory of flame pro pagation was suggested by Mallard & Le Chatelier (1883) . Applications of this theory have not met with much success. White (1922 White ( , 1925 pointed out th at the ignition temperature as determined by ordinary methods are generally much lower than the temperatures which he estimated for the flames of limit mixtures, and th at the velocity of limit flames cannot be determined from such ignition temperatures.
The experiments described in § 2 show that: (а) A greater amount of total available heat is required to maintain flame in the 1.1. mixtures of higher hydrocarbons than in those of lower hydrocarbons, although the higher members are more readily ignited.
(б) There is no appreciable difference between the combustion of 1.1. mixtures of the isomers, whereas their ignition characteristics are different. Both these observa tions provide further evidence against the inflammability of these limit mixtures being dependent upon the reactions which lead to self-ignition of the mixture.
Lower limit flames have speeds generally less than 20 cm./sec. and the preflame zone at atmospheric pressure is very thin (probably less than 0*05 mm.), so th a t the heating up and reaction period is only some 0-0005 to 0-0001 sec. Ignition delays are usually much greater than this, for instance, Coward & Hartwell (1926) gave for 6 % methane in 30 % argon-air 0-19 sec. a t 950° C, and the shortest ignition delay times were obtained with argon as diluent; the conditions for ignition were, however, different from those which exist in free flames. The delay period for auto-ignition of the unburnt gas ahead of the flame would thus have to be far shorter than experi mental work under ordinary ignition conditions would seem to indicate as likely, and the period would have to be little affected by promoters, etc. Further experiments on ignition delays at high temperatures are indeed needed (cf. Lloyd 1946) .
The above considerations and the results of the experiments described in part I of this paper indicate th at the influence of reactions in the preflame zone is not of major importance, but th at the unburnt gas has first to come into contiguity with the flame. The preflame reactions have far less to do with the initiation of the flame in the layer entering the flame zone, than active radicals and molecules with high energy from the flame itself which are met on entering the flame zone. When once the gases encounter a region of high enough temperature containing sufficient con centration of these radicals the combustion is initiated and then proceeds rapidly. This is not a new conception of flame propagation, for Lewis & von Elbe (1934) developed a theory and applied it to the propagation of flame in ozone, in,which they assume th at radicals were diffusing into the unburnt from the burning gas (cf. Jost & von Muffling 1938) .
The question arises as to whether the maximum flame temperature as suggested by White (1925) and Tanaka & Nagai (1926 ,1927 must be the temperature which deter mines whether the reactions necessary for flame propagation are initiated. Although the maximum flame temperature no doubt is related to the temperature necessary for propagation, with some mixtures the attainm ent of the maximum flame tem perature may take longer than with others and the position will be farther within the inflammation zone. Because of heat loss there will probably be a lower tem perature at the forward flame boundary. The attainm ent of this temperature in the boundary region is the criterion for flame propagation a t the limit.
For limit flames, the conditions in the flame front will be discussed with the help of figure 2. T0 is the initial temperature of the unburnt mixture and the final temperature of the burnt mixture after cooling has taken place behind the flame.
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T' is a temperature between T0 and Tm which the unburnt gas has to reach if reaction proceeds and the mixture continues to burn. If this average temperature is not maintained at the flame boundary, flame is not propagated. The temperature at which luminosity commences may be at a slightly higher temperature within the x2 x3 zone for it will inevitably take a small fraction of time to develop explosive reaction. T' governs the concentration of radicals at the flame boundary.
Tm is the maximum flame temperature given by h/Cp, where h is the net heat of reaction and Cp the mean specific heat of the burnt gas between Tm and T0, assuming complete combustion. If T0 is increased the heat needed to maintain the tempera tures T' and Tm is less by the amount supplied (viz.: Cp(T -T0), where C'p is th specific heat of the reactants, assuming Cp varies directly with as has been shown by White (1925) to agree closely with experiment. These measurements were not made exactly under the same conditions as accepted in this communication, the tubes being 2-5 cm. diameter, and so the actual limit mixtures and flame tem peratures are slightly different, but using the more recent calorific values and specific heats (see table 5) the conclusion drawn by White is definite. Agreement is not so close with hydrogen probably because of the effect of tube diameter and convexion. At the limits the rise in temperature ( TT') will b available heat having been used mainly in heating the gas mixture from T0 to T'.
The position x2 where the unburnt gas reaches T' will be dependent on Tm the gradient between x2 and xz, the latter the reaction rate. The value of T ' for a given combustible will depend on the nature of the reaction and the diffusion of radicals a t T', though the physical properties of the mixture, specific heat and conductivity, may so affect the energy distribution th at T' will appear to be altered. At the limit, any small reduction in composition which lowers Tm, or any change causing a small increase in heat loss reduces the temperature gradient between xz and x2 to zero and T ' is no longer maintained; change of conductivity will affect the heat loss from the flame.
The temperature Tm as given by hjCv is not necessarily attained because of loss of heat from the system by radiation; furthermore, as already stated, reaction may not be completed and the composition of the products may not be fixed until zone 5 has been reached. Nevertheless, there will be a position, or zone to x4, in which T will be a maximum for a limit mixture and it will bear close relation to h/Cp.
The energy converted from chemical to thermal energy in the flame is h0, since any small element of the unburnt mixture entering the flame must possess energy rT ' h0+ CpdT, there is locally an excess of energy, but such excess is compensated
J To
by an equivalent amount of energy CpdT having to flow from the flame into J To the incoming gas in order to heat it to T ' . The proces within the zone x2 to x4 will depend on the rate of reaction and the diffu products as pointed out by Lewis & von Elbe (1934) . Much has to be learnt about the structure of the flame front; T' even if it can be considered as an average condition of the unburnt gas a t the flame boundary cannot be readily estimated. For the consideration of the behaviour of limit mixtures, particularly lower limit mixtures in which the reaction is probably complete in quite a narrow region x2 to the question whether Tm is a sufficient criterion for flame propagation will be examined, bearing in mind th at the average value of T' will be a somewhat lower temperature. The difference between Tm and T' will be at a minimum in limit mixtures. For an estimate of T' a knowledge of the maximum temperature, the temperature gradient and the heat loss would be needed, or direct spectroscopic determination of the temperatures throughout the flame zone and boundary region.
This view does not preclude that with some mixtures, reaction occurs in the pre flame zone and renders inflammation more rapid, or even th at a dual process exists; but the experimental evidence indicates th at the building up of reaction centres in the preflame zone of the unburnt gas is not usually important in the short time available. Nevertheless, as White (1922) , Prettre (1931) and others found, many substances can give rise to cool flames at quite low temperatures in certain ranges of pressure and Townend & Hsieh (1939) have shown th at under certain conditions with certain mixtures, cool flame propagation accompanies ordinary flame pro pagation. With cool flames, the process of flame propagation is more closely related to ordinary ignition processes, and the criterion for propagation may then be different. 
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These considerations can now be applied to the experimental data in § 2. The flame temperatures Tm are given in column 7 of table 6 for all the mixtures investigated. , Although the composition of the cold burnt gases does not provide precise in formation for the estimation of Tvv the figures in columns 4 and 5 for methane com bustion, have been corrected to allow for the results of the analyses given in table 2, which indicate th at the methane is not quite completely burnt. For the downward propagating hydrogen mixtures, the combustion is known to be nearly complete and no correction has been made. No doubt, for methane mixtures, some of the gas escapes combustion in the space between the flame boundary and the walls; it has not been attem pted to make separate allowance for this, but the allowance is included in the overall correction.
Figures are inserted in column 6 to indicate approximate values for the con ductivity of the unburnt gases; where experimental values are not available a t high temperatures, the Sunderland formula for the temperature coefficient has been assumed. The influence of conductivity is quite definite for the helium mixtures, but the differences in thermal conductivity are not sufficient to account entirely for differences in Tm for the other mixtures (cf. Coward & Hartwell (1926) ).
In connexion with the neglect of heat losses, during the experiments on the upward propagation of hydrogen 1.1. and u.l. flames some experiments were made to test to what extent a change in the heat received by radiation to the walls affected the results. The walls were blackened in one set of experiments and silvered in the other; there was very little difference in the results. Leaving aside discussion of the results for helium mixtures, in table 6 the indication is th at the maximum temperatures are not very different for any 1.1. mixture of a given combustible. The value obtained for the C0 2 mixture with methane is high; but the mixture is just at the bend of the 1.1. and u.l. curve (see figure 3 and p. 201). The results agree quite satisfactorily with the values (see table 7) calculated from the measurements of Coward & Jones (1938) using mixtures of methane and air with the same diluents. The helium mixture is exceptional as before and the 33 % nitrogen mixture is also rather close to the bend of the curve.
The value for the 1.1. methane-air mixture is the same as the value obtained by the authors and if similar allowances had been made for unburnt combustible no doubt the other values would also agree.
The results obtained for upward propagation in hydrogen mixtures, in which the combustion is incomplete are so influenced by preferential diffusion of hydrogen into pockets of flame that they do not serve for comparison; they are given in table 8 because they show th at the effect of helium as diluent is to counteract by dissipation of heat the diffusion of the hydrogen into combustion centres. The limits for down ward and upward propagation in helium mixtures are far closer than for argon mixtures. (A nominal temperature, 600° C, is used for estimation of Cp and K.)
The measurements of the 1.1. mixtures of hydrogen and of deuterium with air or with 20 % 0 2 and 80 % helium, neon or argon by Clusius & Gutschmidt (1936) from the flame front greatest. In argon mixtures, on the other hand, the convexion effect is greatest giving a wide difference between downward and upward propagating mixtures, but the dissipation is least and therefore the lowest percentage of hydrogen or deuterium is required for a 1.1. mixture.
The flame temperatures of the helium mixtures are high in comparison with those for other diluents; this is presumably due to the high conductivity of the helium which dissipates the energy from the flame front and increase s the proportion of heat lost. In agreement with this, the authors have found th a t the lower limit of methane with helium diluent is decreased from 4-83 to 4*5 when the tube diameter is increased from 5 to 10 cm., showing th a t with helium mixtures in 5 cm. tubes the effect of the loss of heat to the walls is not yet negligible, as is nearly so with the other diluents. W ith argon as the diluent, the 1.1. was unaltered by increasing the diameter of the tube from 5 to 10cm.
The conductivity factor explains the different relative extinguishing power of helium in tubes of different diameter which was pointed out in the introduction. In tubes of diameter less than 1*7 cm., helium has a greater extinguishing effect than carbon dioxide, nitrogen or argon but as the diameter increases its relative effect becomes progressively smaller. In 2-2 cm. tubes it is less efficient than carbon dioxide but is still better than nitrogen and argon; when the tube diameter reaches 5 cm., it is superior only to argon.
The curves obtained by Coward & Hartwell (1926) for the extinction of flame by the addition of nitrogen or carbon dioxide to mixtures of methane and air are given in figure 3 . The values of Tm along the lower limit boundary are as follows:
The limits of flame 'propagation at atmospheric pressure. No correction has been made for incomplete combustion as no analyses of end products were made.
The upward trend with increase in diluent is probably due to increasing incom pleteness of the combustion in the flame boundary; for the addition of 20 % of the two diluents, the temperatures are almost the same, but in the neighbourhood of the bend of the curve the maximum temperature becomes considerably higher (see above). Similarly with 1.1. carbon monoxide mixtures diluted with nitrogen or C0 2, the temperature remains fairly constant a t about 1180° C rising towards the bend of the curve. For ethane-air mixtures (Jones & Kennedy 1932) , and butane-air mixtures (Jones & Kennedy 1933) , diluted with nitrogen and C0 2, some figures are given in table 10.
For butane, the intermediate values oan be interpolated in accordance with the amount of diluent added. The accuracy of these measurements is insufficient to establish whether the increase of Tm is real; where there is an apparent increase, it is likely to be due to incomplete combustion in the flame front. The apparent increase is greater with carbon dioxide as diluent; C0 2 and H 20 being products, addition of either of these gases would decrease the amounts produced in reaction and raise the apparent value of Tm, unless allowance is ma account for the rather high value for Tm (about 1350° C) from the limit values for methane mixtures diluted with water (Coward & Gleadall 1930) .
Though far from complete, the experimental evidence indicates th at the maximum temperature, and therefore the boundary temperature, for 1.1. mixtures of a given combustible tends to be constant, apart from minor influences. (c) Discussion of limits for ■propagation in hydrocarbon mixtures Burgess & Wheeler (1911) found that the relationship LC = k (where L is the percentage of combustible in the 1.1. mixture, C is the net heat of combustion of the fuel and k, constant = 1059) held for the paraffins up to pentane. However, the values for the limits were not the same as those generally accepted to-day; they were determined in a glass sphere with central spark ignition and therefore under different conditions. The results of the new measurements given on p. 193 show, on the contrary, th at the value of k increases as the paraffin series is ascended and there is therefore an increase in Tm, for Cp shows only a relatively small change. The values increase asymptotically to about 1600° C where the effect of dissociation only begins to become appreciable. The increasing values of Tm indicate th a t the higher hydrocarbons are progressively more difficult to inflame than the lower, for the mixture has to be richer for flame propagation to occur.
Since the ignition temperatures of the w-paraffins decrease with increase of the chain length, the conditions for flame propagation do not seem to depend upon the stability or on the ignition characteristics of the compounds but, as indicated in the earlier discussion, inflammation occurs when the number of reaction centres derived from the flame are sufficient to inflame the unburnt mixture. Table 11 compares the values of Tm for those hydrocarbons the limits of which have been determined with their ignition temperatures at 1 atmosphere as measured by Townend & Maccormac (1939) . I t is quite probable th a t the minimum flame boundary temperature T' for the inflammation of all the hydrocarbons has about the same value but a slightly higher concentration of the larger hydrocarbon molecules are needed to maintain the reaction rate in the flame front and therefore Tm and T' appear to be higher. The temperature distribution in the flame no doubt changes with the complexity of the hydrocarbon as is indicated by the character of the flames. Apart from the decrease in concentration and its effect on the reaction velocity as the complexity increases, molecules of the higher hydrocarbons presumably take longer to be broken down and therefore the energy released is not shared so quickly with neigh bouring molecules. There is indication of this in the characteristics of upper limit flames; some of the hydrocarbon molecules penetrate behind the flame boundary before being burnt and so the boundary becomes less pronounced.
The limits of flame propagation at atmospheric pressure. I I 203 hydrocarbon 1.1. The oxidation of the hydrocarbons (-RH) is a complicated process and the mechanism has not been fully unravelled, but the experimental facts seem to in dicate th at it is governed by the reactions: -> + H
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spontaneously breaking to simple ( 1 , stabilizing under certain products CH20 , CO and OH, conditions, or providing CH at higher temperature or OH in others A flame, since it provides OH, CH and C2 radicals, etc., is able to initiate inflam mation if there are sufficient of such radicals to bring about reaction in a certain minimum number of molecules entering the flame boundary, by such reactions as 0 H + f2H->H20 + f2-. When inflammation is thus occasioned there is a rapid release of energy, the temperature of the flame boundary which is losing heat to the unburnt gas being thereby maintained.
The values of the 1.1.'s for the olefines lie slightly below the curve for the saturated hydrocarbons; the point for toluene lies on the curve but th at of benzene is much lower. Acetylene also gives a lower value. I t is quite possible th a t there is some slight preflame dissociation with the unsaturated hydrocarbons which lowers the flame boundary temperature, as is indicated by C-C bands and the appearance of carbon, and also by large departures from the Le Chatelier mixture rule for mixtures of acetylene and hydrogen or hydrocarbons. The values for most other carbon compounds lie about the curve for the hydrocarbons, but other combustible substances which readily give rise to cool flame phenomena may have quite different values for Tm a t the limits, for instance, hydrogen sulphide seems to give a value of about 705° C and carbon disulphide 420° C. Le Chatelier's Rule, th at mixtures of limit mixtures are limit mixtures, is a useful approximation and implies th at the several combustibles do not influence each other's behaviour in a limit mixture. I t holds well for combustibles of the same character (e.g. hydrocarbon vapours) and even for gases with such different physical properties as hydrogen and methane (in downward propagating mixtures). For mixtures which contain combustibles readily exhibiting preflame or cool flame combustion, e.g. H 2S, CS2, etc., the law does not hold, cf. White (1925) .
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(d) Relation between upper and lower limits
Another test of the conclusion th at a temperature T', depending on the specific heat and heat of reaction, is the criterion for flame propagation can be made. In the u.l. mixtures there is excess of combustible, the latter itself acting as diluent, so if no factor is influencing the limit other than h0 and and the excess combustible remains largely unchanged after the passage of flame, it should be possible to esti mate the value of the u.l. in oxygen by allowing for the change in the molecular heat of the mixture due to the substitution of nitrogen by the combustible vapour. If x, y and 2 are the percentages of fuel, oxygen and nitrogen respectively and Cp(z) and Cp(x) are the molecular heats of nitrogen and fuel from 18° C to Tm (assuming Tm to be the same for the u.l. mixture as for the 1. At the u.l. for hydrocarbons, combustion to C0 2 is not complete and, without a knowledge of the extent of combustion in the flame front and correction, the method cannot give values in agreement with observed values, but where com bustion is complete in the flame, the u.l. values estimated from the 1.1.'s agree quite well. The relationship between the two limits cap be seen by reference to the values obtained by Jones (1929) for CO mixtures diluted with nitrogen and carbon dioxide (table 13) . W ithin the error of the experiments the values of Tm are fairly constant, though with a tendency for lower values of Tm for the u.l.'s. The higher values for Tm a t the l.l.'s are partly due to the rather high value (13-3) for the 1.1. mixture: the 1.1. for CO is usually given as 12-5 which would make Tm = 1110° C. Complete combustion has been assumed. The position of the bend of the curve plotting the inflammability limits (see figure 3) is slightly on the rich side of the stoichiometric mixture; excess of oxygen would be unfavourable to this reaction. For hydro carbon vapours higher than methane a similar tendency is shown, the displacement being greater the higher the hydrocarbon in the series. This is presumably due to the increase in the molecular proportion of oxygen to hydrocarbon required for complete combustion which has the effect of decreasing encounters between the two molecules. A richer mixture is therefore favourable to reaction because although the extent of oxidation decreases with increasing richness of mixture the number of collisions between fuel and oxygen molecules increases. A higher proportion of incompletely burnt fuel remains in the products and an apparently
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higher value of Tm is obtained. The products of combustion of the methane mixtures were analyzed after the flame had travelled through the tube; the results were given in table 2. With hydrogen at the upper limit, the combustion of the oxygen to water is complete.
The values of Tm for hydrogen are in approximate agreement with the values obtained from the measurements by Jones (1929) for a range of limit mixtures in which hydrogen: nitrogen proportion is changed (table 15). The measurements were made in 5 cm. tubes with upward propagation (above 11 % the flame front is normal and little influenced by convexion). The value of the u.l. mixture in air was slightly lower than that given in table 14 which makes Tm rather greater. dependent on the temperature and therefore on the average energy of the molecules in the flame front, but also on the radicals in the flame front suitable for initiation of the reactions in the unburnt gas. If the necessary radicals are reduced in number by an inhibitor a higher temperature is needed to induce flame propagation.
I t is curious that the character of the flames of limit mixtures of hydrocarbons in the presence of 'promoters' is often considerably changed without alteration of the limit. This is because for the small quantity of 'promoter' added, the inflamma tion temperature of the combustible is little changed: the effect of the ' promoter ' only comes later in the body of the flame after the first stages of reaction. In one case however, ethyl nitrate, a definite effect on the upper limit of the combustion of butane was observed. If the change of the reaction rate within the flame due to the additive is sufficient, it will have its effect on the boundary temperature. Such experi ments as have been made indicate that inhibitors such as lead tetraethyl, tin tetramethyl, selenium diethyl (Tanaka & Nagai 1927) and iron carbonyl (Thompson 1932) have only a small effect on 1.1.'s, but very definitely narrow the upper limit, as would be consistent with the conclusion th at their inhibitory action is exerted on the reactions within the flame boundary. Dufraisse & Le Bras (1936) ascribed the extinctive effect of carbon tetrachloride to be due partly to hindrance of the oxida tion of the combustible owing to its physical properties and partly to the inhibition of the chemical process of oxidation. The diffusion of radicals into the unburnt gas being an important feature of the process of flame propagation, the presence of large molecules with slow average velocity will tend to raise T', the presence of such substances as carbon tetrachloride, and even carbon dioxide, will produce such a tendency. The fact that the values for Tm are low for mixtures containing hydrogen can in the opposite way be ascribed to the easier diffusion of radicals.
I t is not possible without further knowledge of the initial reaction in the flame front to estimate the true values for Tm much less for T', for u.l. mixtures of hydro carbons and other organic compounds with air, but as already pointed out when the reaction in the flame front is simple it can be shown th at there is little difference between the value for the u.l.'s and 1.1.'s.
Conclusion
A review of the effects of various diluents on the upper and lower limit mixtures for the propagation of flame with various combustibles has led to the conclusion that, whether combustion takes place or not is dependent upon the temperature of the flame being sufficient to maintain a certain boundary flame temperature which provides a certain concentration of active radicals in the boundary region; inflam mation is produced in the unburnt gas mainly from the radicals derived from the flame. This does not preclude the possibility th at in some cases a double process may be occurring, as indicated by Townend's researches, the one due to cool flame reactions in the unburnt gas and the other due to the above process of inflammation: but for limit mixtures this is exceptional. I t should also not be assumed that, because for mixtures near the limits little reaction takes place in the unburnt gas before entering the flame, this is necessarily so for fast burning mixtures.
I t is shown to be possible on this view to estimate approximately whether a given mixture of combustibles and diluents should propagate flame or not, provided the specific heats are known. This, however, is not possible for u.l. mixtures of hydro carbons and organic substances without more knowledge of the reactions in the flame front.
Flame structures, particularly those a t low pressures, are being investigated by spectroscopic methods in this laboratory. Experiments have also been made with promoters on the velocity of flames and the bearing of the above conclusions on the mechanism of flame propagation is being further studied. Preliminary results with butane-air mixtures have shown th at the presence of ethyl nitrate, diethyl peroxide and nitrogen peroxide has little influence on the flame speed. The additives, par ticularly nitrogen peroxide, appear to retard rather than increase the rate of propagation.
